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INTRODUCTION

Förster resonance energy transfer (FRET) is a nonradiative energy transfer between two fluorophores
. In recent years, the development of novel dyes and fluorescent proteins that facilitate FRET has spurred the study of protein structure and interactions in fixed and live cells (Albertazzi et al., 2009; Clegg, 1992; Erickson et al., 2001; Hillesheim et al., 2006; Millington et al., 2007; Panchuk-Voloshina et al., 1999; Shaner et al., 2004) . FRET efficiency between a donor and acceptor pair is defined as the ratio of the rate of energy transfer to the total decay rate of the donor. FRET efficiency provides a quantitative measure of fluorophore separation because it depends on the donor-acceptor distance as r
26
, r being in the range of 10-60 Å in common applications.
The FRET efficiency can be measured by (1) the change in lifetime of the donor in the presence of acceptor, (2) donor dequenching, i.e. the enhancement of donor emission when the acceptor is deactivated (e.g. by photobleaching), or (3) the relative emission yields of donor and acceptor (Clegg, 1992) . The third method is the most common and generally the most straightforward, with much faster acquisition than lifetime correlation. Donor energy transfers via FRET to the acceptor, causing FRET-sensitized acceptor fluorescence. Quantifying the sensitized fluorescence requires tracking of donor and acceptor fluorescence under donor and acceptor excitation (Gordon et al., 1998; Youvan et al., 1997) .
Care must be taken in particular to dissect spectrally overlapping contributions from donor and acceptor emission and to account for direct acceptor excitation Dinant et al., 2008; Erickson et al., 2001; Periasamy and Diaspro, 2003) . Corrections for spectral overlap are particularly important for twophoton excitation (TPE), where excitation spectra are often broader than their one-photon counterparts and therefore more likely to overlap.
Although one-photon FRET excitation is straightforward, two-photon excitation (TPE) is advantageous for imaging applications because of intrinsic optical sectioning (Denk et al., 1990) . TPE has a number of additional advantages, such as the wide spectral separation of fluorescence from the excitation wavelength, reduced bulk photobleaching, and better penetration depth at longer wavelengths. In single-molecule or single-pair FRET measurements, alternating laser excitation of donor and acceptor (ALEX) (Kapanidis et al., 2004) (also termed pulsed interleaved excitation in applications with pulsed lasers (Mü ller et al., 2005) ) has been implemented to control for the presence of an acceptor fluorophore. The issue of spectral overlap does not factor into fluorescence lifetime based techniques, e.g. FLIM-FRET (Millington et al., 2007) .
High intensity pulses are required for two-photon excitation, and traditionally Ti:Sapphire lasers have been used for this purpose. The tuning speed of currently available Ti:Sapphire systems is in the range of 40 nm/ s. By contrast, tuning based on electro-optic modulation is nonmechanical and orders of magnitude faster. In order to increase speed and reduce the size and complexity of components in two-photon FRET measurements, we developed a two-photon excitation (TPE) based FRET system based on a turn-key femtosecond fiber laser and a photonic crystal fiber (PCF) that performs wavelength shifting of pulses through soliton self frequency shift (SSFS) (Adany et al., 2009; Unruh et al., 2006) . This system provides electrically controlled wavelength tuning over a wide range, making it an ideal excitation source for two-photon FRET measurements and imaging. We performed wavelength switching with latencies of 10-20 ms using a liquid crystal modulator, although we previously demonstrated 5 ls switching times using a different electrooptic material (Adany et al., 2009) .
Our goals are to demonstrate the feasibility of wavelength switching TPE for FRET using a PCF and to validate our techniques by recording FRET values for two model FRET constructs. To verify our techniques, we made FRET measurements of calmodulin labeled with fluorescent dyes Alexa Fluor 488 and Texas Red, as well as a mutant fluorescent protein with linked E 0 GFP and mCherry (Albertazzi et al., 2009) . Calmodulin is a valuable candidate for FRET study because it plays fundamental roles in all living cells and because it undergoes conformational changes on binding with calcium or specific target molecules (Allen et al., 2004) . E 0 GFP and mCherry are useful as they, along with the other families of fluorescent proteins, can be expressed and observed in living cells. To demonstrate the feasibility of our two-photon FRET measurement system, we measured proteins with rapidly alternating excitation over a wide range of excitation wavelengths. Our results include a comparison of FRET values obtained for calmodulin over the donor excitation wavelength range as well as time based observation of FRET of an E 0 GFP-mCherry protein.
Thus, we present a practical FRET measurement system with the benefits of two-photon excitation, compact size and portability, and rapid wavelength switching for alternating excitation measurements leading to straightforward FRET analysis. Furthermore, using the continuous wavelength scanning capability of this system, we recorded two-photon excitation spectra of two sample FRET pairs.
MATERIALS AND METHODS Two-Photon FRET Measurement With Fast
Wavelength Tuning The experimental setup is shown in Figure 1 . The laser source (IMRA Femtolite-100) is a fiber-based femtosecond laser with a wavelength of 806 nm. The FWHM pulse width of the laser source is roughly 120 fs as measured using an autocorrelator (Femtochrome). The average output power is 100 mW and the pulse rate is 75 MHz, and therefore the pulse energy is 1.33 nJ with a peak power of $11 kW. The transform-limited FWHM bandwidth, assuming sech 2 pulse shapes, is roughly 9 nm. The variable attenuator contains a voltage controlled liquid crystal (LC) birefringent cell (Meadowlark Optics) that rotates the polarization of the incoming vertically polarized light in reaction to a control voltage. The device is driven with a 2 kHz square voltage signal varied from 0 to 20 Vpp with zero DC offset. A polarization beam splitter transmits vertically polarized light toward the PCF while rejecting the horizontally polarized component. Pulses are then coupled into a Photonic Crystal Fiber (PCF) (Chroma NL-PM-750) to create wavelength shifted pulses through SSFS (Banaee and Young, 2006; Knight et al., 2000; Serebryannikov et al., 2005) .
At the output of the PCF, a stable fundamental soliton is produced with a wavelength longer than the input pulse. The output wavelength depends on the length of the fiber (2 m) as well as the input power. Under higher input power, undesired higher order solitons are also created, and these components must be removed by excitation filters. Figure 2 is a waterfall plot that shows the measured soliton output spectrum over a range of soliton wavelengths. The fundamental Fig. 1 . FRET measurement components. Major components include a fiber laser, variable attenuator, a photonic crystal fiber (PCF), excitation filters, power meter (PM), optical spectrum analyzer (OSA), microscope dichroic (1), objective lens, emission filters, FRET dichroic (2), and avalanche photo diodes (APD 1, APD 2). Equipment and data collection were interfaced by a computer using Matlab.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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soliton can be tuned from $850 nm to as far as 1,200 nm by varying the power of the input pulse at 806 nm. Below 850 nm, the coupled pulse power level drops steeply, whereas beyond 1,200 nm the output spectrum is significantly broadened and eventually develops into a supercontinuum. The parameters that contribute to the tunable range include the dispersion characteristic and length of the fiber as well as the width of the optical pulses. Hence, other wavelength ranges can be attained using different fiber types and input wavelengths. Note that as the wavelength of the fundamental soliton is tuned beyond 900 nm, a second order soliton starts to appear, which has to be filtered out by a long pass-filter in the experiment. In the measurements with wavelength scanning, we used a 950 nm long-pass filter when the soliton wavelength was between 975 nm and 1,050 nm, and we used a 1,000 nm long-pass filter for soliton wavelengths above 1,050 nm. The optimal filter cutoff wavelength for a given application can be determined from the spectral characteristic shown in Figure 2 . For rapid wavelength switching, changing filters is not feasible and a single long-pass filter must accommodate the entire switched wavelength region as discussed later in this report.
Our system permits scanning a wide continuous wavelength range or rapid switching between two wavelengths. Targeting specific wavelengths involves calibrating the output pulse wavelength as a function of the input optical pulse power or control voltage. A demonstration of wavelength switching between $1,000 and 1,100 nm is shown in Figure 3 . The time response is limited by the response of the LC cell. The activation and relaxation times of the cell differ because of intrinsic material properties, the response time for activation (starting at time 0 ms in Fig. 3 ) is $10 ms, and the relaxation time (starting at time 50 ms in Fig. 3 ) is $20 ms. We have previously demonstrated faster switching times of roughly 5 ls with a PMT-PT modulator (Adany et al., 2009) . While the PMT-PT material has much faster response, its electro-optic efficiency may vary over time at 800 nm, requiring more frequent calibration. The LC cell provided very good repeatability with standard deviation of 0.40 nm based on 50 trials. The pulse to pulse stability of the PCF soliton output can also be affected by intensity noise and power fluctuations of the pump laser. Based on the power-wavelength characteristic, a 0.1% RMS relative intensity noise would produce on the order of 0.2 nm RMS wavelength error. Therefore, this should not present a concern for this application.
The optical pulses at the PCF output pass through a bank of long-pass filters, which isolate the fundamental soliton and reject higher order solitons. A small fraction of the excitation light is sent to an optical power meter and optical spectrum analyzer for monitoring. The microscope (Olympus IX-71) houses a dichroic beam splitter (Chroma 800dcspxr) and objective lens (Olympus UPlanSApo 60x/1.20 Water Immersion). Because neither the dichroic beam splitter nor the lens is fully optimized for infrared wavelengths, their attenuation is stronger at 1,150 nm than at 850 nm by $4 dB. Fluorescence emission passes back through the microscope dichroic splitter, a set of emission band-pass filters, and finally through a FRET dichroic splitter which discriminates donor and acceptor emission. Light is detected by avalanche photodiode photon counters (Micro Photon Devices PDM Series). We characterized crosstalk by measurements of reference dyes and by calculations based on profiles of the optical components.
Sample Preparation
The methods of preparation of calmodulin (CaM) labeled with Alexa Fluor 488 (AF-488) and Texas Red (TR) dyes were described in (Allen et al., 2004) . A specimen was prepared by diluting 50 lL of CaM in 50 lL high calcium buffer. A 25 lL volume of this solution was placed on a 25 mm glass cover slip treated with bovine serum albumin (BSA). BSA was used to reduce adhesion of the protein to glass surfaces. The microscope focus was set 10 lm above the cover slip top surface. The concentration of CaM in the specimen was roughly Fig. 2 . Evolution of the soliton spectra when the input power is varied. 2.2 lM. Samples of the AF-488 and TR dye preparations were used for calibration.
The plasmid for E 0 GFP-mCh was a kind gift from Dr. Lorenzo Albertazzi. Linked E 0 GFP-mCherry (E 0 GFP-mCh) FRET protein was developed by Albertazzi and coworkers (Albertazzi et al., 2009 ). The concentration of E 0 GFP-mCh solution was $2.0 lM. The fusion construct contains a thrombin enzyme cleavage site to allow separation of the two fluorophores. Cleaving eliminates FRET and thus provides calibration for the FRET efficiency measurement. The cleaving solution was prepared by combining 10 mL phosphate buffered saline (PBS) solution, 1,000 units of bovine thrombin and 1% w/v BSA. The E 0 GFP-mCh sample was cleaved with one part by volume cleaving solution added to ten parts by volume protein solution. Roughly 86 units thrombin were used per milligram of protein, with a final thrombin concentration of about 9 units/ mL. Alongside the thrombin sample, a FRET sample (no thrombin) was incubated in buffer solution of PBS with 1% w/v BSA added. Specimens were placed on glass cover slips under the same procedure as described for CaM.
Calculation of Experimental FRET Efficiency
From Fluorescence Intensities FRET efficiency can be expressed as
where F A is the sensitized acceptor fluorescence, F D is the donor fluorescence and the factor G accounts for donor versus acceptor detector efficiency and quantum yields (Clegg, 1992) . Overlapping Emission. The fluorescence F A is measured primarily as counts in one photo detector, C 1 , while F D is measured primarily in C 2 . We use a simple matrix notation to describe the relationship between detector counts and fluorescence. Using this notation we incorporate cross talk terms in a matrix S and background counts Bg 1 and Bg 2 as
Elements of S are products of the various filter transmission curves, fluorophore emission spectra and detector responsivity, with one of four possible combinations, e.g.
where R 1 is the responsivity of the first (acceptor) photo detector, H 1 is the FRET dichroic filter transmission to the first photo detector, H O is the transmission of the objective optics (common to all), I D (k) is the donor emission spectrum normalized to unity area, and C norm is a normalizing constant. Transmission curves were generally held in data format, so S 1D , etc., were found by numeric integration over the relevant wavelength range. Inverting S leads to the following equation to determine fluorescence values:
The value of the constant K can be disregarded since it can be factored out in the efficiency equation. Since S is normalized, quantum yield differences and system bias between acceptor and donor responses can be lumped into the factor G, which can be measured experimentally. We evaluated G according to the approach of , using measurements from a pair of samples, one with FRET and the other with no FRET, but otherwise identical in excitation and emission spectra and relative concentrations. From these samples we recorded DF A and DF D , the changes in fluorescence between the two samples taken under donor excitation, taking G 5 DF A /DF D .
Comparing crosstalk values calculated from emission spectra and filter transmission curves to those measured for the individual dyes, we found agreement within 3.0%. The measured crosstalk from AF-488 emission to the acceptor channel was 9.1%, and crosstalk from Texas Red emission to the donor channel was 2.9%. Since we could not measure separate E 0 GFP and mCherry proteins, the calculated values (5.2% donor emission to acceptor channel and 4.8% acceptor emission to donor channel) were used.
Overlapping Excitation. In determining F A and F D , Eq. (4) corrects for crossemission but does not account for crossexcitation. In particular, the Texas Red two-photon excitation band overlaps the TPE peak of Alexa Fluor 488 as shown in Figure 4 . The fraction of acceptor fluorescence caused by this direct excitation could not be measured directly, but it could be extrapolated by taking acceptor fluorescence under acceptor excitation and scaling it by g, the ratio between the TPE cross section of Texas Red at the donor and Fig. 4 . Two-photon excitation (dashed) and one-photon absorption (solid) of Texas Red (in bold) and Alexa Fluor 488 (thin lines). Horizontal axis: OPA wavelength (bottom), TPE wavelength (top). TPE spectra were measured using the FRET measurement system. Traces are normalized.
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acceptor excitation wavelength. The FRET sensitized acceptor fluorescence was calculated as
where F Ad and F Aa are the measured acceptor fluorescence during excitation at donor and acceptor wavelengths, respectively. It is useful to compare our methods with the threecube method Erickson et al., 2001) , in which measurements of F Dd , F Ad , and F Aa are made with alternating filter sets and a single photo detector. As discussed in (Erickson et al., 2001) , in three-cube FRET correction for donor emission in the acceptor channel is made by calculations analogous to Eq. (4), while signal from acceptor emission in the donor channel is mitigated with narrow band emission filters. Note that we did not use individual narrow band emission filters, relying only on the dichroic beam splitter as a wavelength discriminator. Using two detectors, we measured donor and acceptor emission simultaneously, and the excitation wavelength was switched electronically so as to obtain all four signals, F Dd , F Ad , F Aa , and F Da . We thus corrected all emission cross talk by the matrix calculation of Eq. (4). This approach can compensate a great degree of emission overlap in the detectors, allowing wider bandwidth emission windows and hence somewhat higher signal levels. Most importantly, it eliminates the need to alternate filter sets during measurement.
The peak two-photon excitation (TPE) wavelengths of the FRET fluorophores were found by scanning the excitation wavelength over a wide continuous range. To calculate TPE spectra, average dark counts were subtracted and intensities were normalized by the square of the measured excitation power. Excitation power and wavelength were monitored as described above.
RESULTS
Two-Photon Excitation Spectra of Texas Red and
Alexa Fluor 488 Two-photon excitation spectra are shown in Figure 4 for Texas Red and Alexa Fluor 488 dyes used in labeling calmodulin. For the purpose of comparison, the one-photon absorption (OPA) spectra measured with a UV-Visible Spectrophotometer (Agilent Cary-100) are also shown in the same figure. In agreement with general TPE characteristics, prominent spectral components of the OPA align with components of the TPE spectra on a double wavelength scale. The relative intensity of bands are generally different in two-photon and one-photon excitation, specifically with spectral intensity in two-photon excitation shifted to vibronic bands, leading to a blue shift in the peak of the twophoton excitation spectrum compared with the onephoton absorption spectrum, as noted previously (Albota et al., 1998a,b; Xu and Webb, 1996) . While few examples of AF-488 or Texas Red TPE spectra are available in the literature, we note that the TPE excitation spectrum of Alexa Fluor 488 presented here differs from that given in (Bestvater et al., 2002) .
FRET Efficiency of Calmodulin With Alexa Fluor
488 and Texas Red In order to resolve any uncertainty in accounting for the strongly overlapped TPE of Texas Red and AF-488 near 900 nm, we varied the donor excitation wavelength over a broad range. The dependence of calculated FRET efficiency on the choice of donor excitation wavelengths is shown in Figure 5 .
The continuous line in Figure 5 was obtained by slowly scanning the wavelength of donor excitation; it provided the baseline to validate the results of wavelength switched FRET. As expected, the measured FRET efficiency shows little variation over the region of strong two-photon excitation of AF-488 and only shows a marked deviation in the region of weak two-photon cross section at wavelengths greater than 980 nm.
Our value of 0.85 for CaM two-photon FRET efficiency measured at 920 nm excitation wavelength is in close agreement with the previously reported value of 0.87 based on single photon excitation (Slaughter et al., 2005) . Moreover, the broad wavelength scan validated the reliability of FRET measurement away from the peak donor TPE, at longer wavelengths. This verified that we could perform fast wavelength switched FRET in a longer-wavelength region and thus avoid the need to change the long-pass filter during the measurement.
FRET Efficiency of Linked E 0 GFP & mCherry
The FRET efficiency of E 0 GFP-mCh measured using two-photon excitation was 0.27, in good agreement with our one-photon result (0.29) for the same sample. For calibration purposes, a sample of E 0 GFP-mCh was cleaved with thrombin enzyme. The emission spectra of E 0 GFP-mCh before and after thrombin cleavage are shown in Figure 6 , showing the effect of FRET on the emission spectrum.
It appears that cleavage was complete because no observable acceptor emission remained, as shown by To investigate the capability of fast wavelength switching in this system, we made wavelengthswitched FRET measurements of both CaM and E 0 GFP-mCh. Control voltages were calibrated to obtain the desired donor and acceptor wavelengths. Repeated tests of the voltage-wavelength characteristic confirmed that the calibration remained stable for at least 1 hr. Tracking the power levels confirmed that excitation wavelengths stayed entirely within 6 3 nm with respect to the targeted values over the course of each experiment. Photon counts were taken with 0.1 s integration. In Figure 5 , the point marked with error bars shows the FRET measured with switched excitation between 974 and 1,097 nm. These wavelengths were chosen to accommodate a fixed 950 nm long-pass optical filter in the system to reject the high order solitons.
The limitation of donor excitation range was not a concern for E 0 GFP-mCh, because its donor excitation peak is at a longer wavelength than that of CaM, and therefore we switched the excitation wavelength between 964 and 1,102 nm in the measurement. The resulting wavelength-switched two-photon FRET efficiencies of 0.78 6 0.02 for CaM and 0.28 6 0.022 for E 0 GFP-mCh are consistent with the results of wavelength scanned measurements, as shown in Tables 1  and 2 . 
DISCUSSION
We can conclude that the system measures FRET consistently and with a degree of accuracy comparable with other methods. The maximum measurement speed was primarily limited by low fluorescence levels, a factor tied to the relatively low excitation power. With 0.1 s integration time per excitation wavelength, along with the added latencies of wavelength switching and the computer acquisition procedure, the overall measurement rate was roughly 1 Hz. The wavelength was switched within 10-20 ms as shown in Figure 3 , and as previously discussed the technique allows much faster modulation depending on the choice of electro-optic modulator. The remaining latency of about 0.4 s, attributed to the computer acquisition procedure, could be greatly reduced by streamlining the hardware control, as the amount of data transferred is very small. Therefore, in principle the system has a capacity to reach 5 Hz as limited by 100 ms signal integration times. This system could be used for imaging by raster scanning of the sample, with point by point FRET analysis. The imaging time, proportional to the measurement rate, would be generally acceptable for stable samples. The advantages of using this class of laser still outweigh the practical obstacles of higher power lasers for many uses, and in the future the TPE rates could be increased thanks to recent improvements in fiber SSFS efficiency (van Howe et al., 2007) .
We have demonstrated a FRET measurement technique using two-photon excitation with rapid wavelength switching. We measured two-photon excitation spectra of Alexa Fluor 488 and Texas Red dyes using continuous wavelength scanning between 850 and 1,175 nm along with their one-photon absorbances. We compared FRET efficiency values of two proteins (calmodulin and an E 0 GFP-mCh construct) under different excitation wavelengths, with wavelength switching as well as broad donor wavelength scanning in the same system. Electronic wavelength switching simplifies the two-photon FRET measurement process and eliminates the need to alternate filters for calibration. The advantages of the system described here are the lower cost, greater portability, and more rapid tunability of the excitation source compared with conventional TPE excitation sources. Our results demonstrate the potential of practical two-photon FRET measurement based on rapid wavelength switching.
